The ecophysiology of one candidate methanogen class WSA2 (or Arc I) remains largely uncharacterized, despite the long history of research on Euryarchaeota methanogenesis. To expand our understanding of methanogen diversity and evolution, we metagenomically recover eight draft genomes for four WSA2 populations. Taxonomic analyses indicate that WSA2 is a distinct class from other Euryarchaeota. None of genomes harbor pathways for CO 2 -reducing and aceticlastic methanogenesis, but all possess H 2 and CO oxidation and energy conservation through H 2 -oxidizing electron confurcation and internal H 2 cycling. As the only discernible methanogenic outlet, they consistently encode a methylated thiol coenzyme M methyltransferase. Although incomplete, all draft genomes point to the proposition that WSA2 is the first discovered methanogen restricted to methanogenesis through methylated thiol reduction. In addition, the genomes lack pathways for carbon fixation, nitrogen fixation and biosynthesis of many amino acids. Acetate, malonate and propionate may serve as carbon sources. Using methylated thiol reduction, WSA2 may not only bridge the carbon and sulfur cycles in eutrophic methanogenic environments, but also potentially compete with CO 2 -reducing methanogens and even sulfate reducers. These findings reveal a remarkably unique methanogen 'Candidatus Methanofastidiosum methylthiophilus' as the first insight into the sixth class of methanogens 'Candidatus Methanofastidiosa'.
Introduction
As an essential component of the global carbon cycle, methanogenic archaea produce approximately one billion tons of CH 4 per year (Thauer et al., 2008) . These 'methanogens', uniquely affiliated to the archaeal phylum Euryarchaeota, facilitate anaerobic conversion of H 2 , formate, acetate, methyl compounds and simple alcohols to CH 4 and CO 2 . In a variety of anaerobic ecosystems, including both natural and engineered, fermenters, syntrophs and acetogens, metabolically interact with methanogens to accomplish holistic mineralization of organic compounds (Nobu et al., 2015) . Methanogens also date back to 3.5 billion years ago based on isotopic signatures of Paleoarchean methane bubbles locked in the Dresser formation (Ueno et al., 2006) . Thus, researchers have made continuous efforts to characterize these ecologically, evolutionarily and metabolically important organisms using cultivation-, biochemistry-and genomics-based tools.
Recent cultivation-and metagenomics-based studies on Euryarchaeota methanogens discover novel methanogenic lineages, including permafrost-associated 'Ca. Methanoflorentaceae' (also known as rice cluster II; Mondav et al., 2014) and gut-associated Thermoplasmata order Methanomassiliicoccales (formerly 'Ca. Methanoplasmatales'; Dridi et al., 2012 , Paul et al., 2012 Iino et al., 2013) . However, one potentially class-level Euryarchaeota clade thought to be capable of methanogenesis, WSA2 (or Arc 1), (Hugenholtz 2002; Chouari et al., 2005) remains uncharacterized, despite the identification through 16S ribosomal RNA (rRNA) sequencing more than 15 years ago (Dojka et al., 1998) . Moreover, members of this clade have been observed in a wide range of natural and engineered environments (for example, freshwater and marine sediments, contaminated groundwater and bioreactors; Dhillon et al., 2005; Cheng et al., 2012; Saito et al., 2015; Wilkins et al., 2015) . To fill this gap in our understanding of methanogen phylogeny and WSA2's potential roles in anaerobic biogeochemical cycles, we construct the first WSA2 genomes through metagenomics of methanogenic bioreactors treating wastewater. Using these genomes, we characterize the physiology and methanogenic potential of the sixth class of methanogens and ninth class of Euryarchaeota, 'Candidatus Methanofastidiosa. ' 
Materials and methods
Metagenome sequencing, assembly and binning We collected samples from three anaerobic wastewater treatment samples: one full-scale anaerobic digester (reactor ADurb) and full-and lab-scale bioreactors treating wastewater from purified terephthalate process (Bfssc and U1lsi, respectively). For ADurb and U1lsi, three samples were taken at different time points, October, November and December 2013 and February, April and May 2014, correspondingly. For Bfssc, samples were taken through sampling ports at different depths of the reactor along the sludge bed. Metagenomic DNA was extracted using FastDNA SPIN Kit for Soil kit (MP Biomedicals, Santa Ana, CA, USA). Sequencing libraries were prepared with Kapa Library Preparation kit (Kapa Biosystems, Wilmington, MA, USA) with a genomic DNA fragment size ranging between 300 and 750 bp. These libraries were sequenced on HiSeq2500 with TruSeq SBS Rapid Sequencing kit (Illumina, San Diego, CA, USA), generating pairedend reads up to 165 bp each. The generated reads were trimmed using Trimmomatic v0.30 with a quality cutoff of 30, sliding window of 6 bp and minimum length cutoff of 75 bp (Bolger et al., 2014) ; digitally normalized and partition using the khmer package Pell et al., 2012) ; and assembled using SPAdes v.3.5.0 (Bankevich et al., 2012) . The assembled contigs from three metagenomes corresponding to the same reactor were binned comparatively using MaxBin2.0 (Wu et al., 2014) . Genes were then predicted using Prodigal v2.5 (Hyatt et al., 2010) and annotated using Prokka (Seemann, 2014) . We manually curated these bins and their annotations as described in our previous metagenomic study (Nobu et al., 2015) . For interpretation of physiology and metabolism, WSA2 draft genomes recovered from different samples of the same environment (that is, reactor ADurb time points or Bfssc depths) were collectively analyzed as a pangenome.
Phylogenetic analysis
Genes annotated as small subunit 16S rRNA gene, methyl coenzyme M reductase alpha subunit (McrA) and methylated thiol coenzyme M methyltransferase (Mts) were extracted for phylogenetic analysis. The 16S rRNA genes were aligned against the Greengenes and Silva v123 databases using PYNAST and SINA, respectively (Caporaso et al., 2010; McDonald et al., 2012; Pruesse et al., 2012; Quast et al., 2013) . Phylogenetic trees for 16S rRNA genes were constructed in ARB using the neighbor-joining algorithm with 5000 bootstrap replications (Ludwig et al., 2004) . The mcrA and mts genes from WSA2 and publically available methanogen genomes were aligned and put into a phylogenetic tree using ClustalW in the MEGA package (Tamura et al., 2007) . A representative genome for each Euryarchaeota genus was used to construct a phylogenomic tree including WSA2 genomes using PhyloPhlAn (Segata et al., 2013) . To further compare the phylogenetic relationship of these Euryarchaeota, core genomes were predicted for each genus and family with more than one genome publically available by identifying genes with 450% amino acid similarity and 480% alignment coverage across all genomes of that clade using the BLAST+ package (Camacho et al., 2009) , based on criteria used in a core genome prediction software (Miele et al., 2011) . Core genome overlap between genera and families were determined using the same criteria.
Results and Discussion
Phylogeny of WSA2 based on 16S rRNA, McrA and phylogenomics Metagenomics collectively generated genomes for four WSA2 populations from a full-scale anaerobic digester treating a mixture of waste activated sludge and primary sludge in Urbana, IL, USA (population ADurb1213_Bin02801) and lab-scale (U1lsi0214_-Bin055 and U1lsi0214_Bin089) and full-scale (B15fssc0709_Meth_Bin003) methanogenic bioreactors treating purified terephthalate wastewater (Supplementary Table 1 ). For the Urbana anaerobic digester, we sequenced metagenomes in 1-month intervals over 3 months. As for the full-scale reactor, microbial community samples were taken at separate sampling ports along the depth of the reactor sludge bed. Only one high-quality bin was recovered for each WSA2 population identified in the lab-scale reactor. In total, the eight draft genomes reconstructed from seven distinct sequencing efforts range between 1.50 and 1.99 Mb in size and 32.9-35.4% G+C content with estimated completeness of 85.0-92.5% based on 40 universal marker genes (Ciccarelli et al., 2006; Sorek et al., 2007) . Draft genomes from the same environment (that is, digester and full-scale reactor) with at least 85% overlap of predicted genes with a 99% similarity cutoff were combined, generating population pangenomes for populations ADurb1213_-Bin02801 and B15fssc0709_Meth_Bin003. 16S rRNA gene classification, McrA phylogeny and phylogenomics clearly indicate that these organisms belong to the uncharacterized Euryarchaeota clade WSA2 falling between super-classes Methanomicrobia-Halobacteria-Thermoplasmata and Methanobacteria-Methanococci (Figure 1a and Supplementary  Figure 1 Figure 1 16S rRNA-based phylogeny of WSA2 (red) compared with closely related Euryarchaeota classes and clusters (pMC1 and MSBL1). The tree was constructed using ARB neighbor-joining algorithm and GreenGenes 16S rRNA gene database with 5000 bootstrap replications, sequences at least 1200 bp in length, and Methanobacteria as the outgroup. Bootstrap values 490% (black), 75% (gray) and 50% (white) are indicated. The median sequence similarity of the Euryarchaeota classes and clusters (WSA2, pMC1 and MSBL1) are shown as arcs connecting the cluster labels with horizontal heights indicating similarity (right).
on phylogenetic tree topology with high-bootstrap support, regardless of the reference 16S rRNA alignments used (Greengenes 2013 and Silva v123). Moreover, the median sequence similarities of WSA2 to neighboring classes (76.63-81.7%) are lower than or comparable to the similarity between Methanobacteria and Methanococci (81.5%), confirming that WSA2 is indeed a class-level clade in Euryarchaeota (Figure 1 ). Based on tree topology and this median sequence similarity criterion, uncultivated Euryarchaeota clades pMC1 and MSBL1 may form another class (tentatively termed pMC1-MSBL1) distinct from WSA2 with phylogenetic radiation between WSA2 and superclass Methanomicrobia-Halobacteria-Thermoplasmata.
Similarly, genome content also suggests distant relationship with known methanogens and other Euryarchaeota as only 25-28% and 50-58% of genes in each WSA2 genome, respectively, relate to methanogens and Archaea based on top blastp hits ( Figure 2c ). The remaining Archaea-related genes hit Thermococci (12-16%), Archaeoglobi (3-4%) and other clades outside of Euryarchaeota (11-13%). A notable amount of genes relate to bacterial clades (28-35%) as also previously observed for other Euryarchaeota (Ruepp et al., 2000) . However, these WSA2 genes have low average amino acid similarity to genes of known organisms (44-49%; Supplementary Figure 3) . The core genome of all four WSA2 genomes (defined by 480% amino acid similarity conserved between all genomes) contains 842 genes, which has a similar phylogenetic gene distribution (Figure 2c ).
To further define WSA2's physiology and relationship with other Euryarchaeota beyond this taxonomic analysis, we compare the core genomes of each clade (at genus and class level). Genera of similar phylogeny have pronounced core genome overlap; however, the WSA2 core genome has low overlap with both methanogenic (6-15%) and non-methanogenic (2-15%) Euryarchaeota genera ( Figure 2d ). Moreover, even though distantly related methanogenic genera in Methanomicrobia, Methanobacteria and Methanococci share many core genes (152-257 genes average), WSA2 shares much fewer genes with these methanogens (69-111 genes average; Figure 2b ). The genes shared between WSA2 with Euryarchaeota genera primarily consist of housekeeping genes, including ribosomal proteins, biosynthesis genes and Archaeaspecific genes (for example, histone, thermosome and ATP synthase). WSA2 and methanogenic clades all share genes encoding methanogenesis marker proteins and Mcr, responsible for the terminal step of methanogenesis (Supplementary Table 2 ). Interestingly, WSA2 shares the methylmalonyl-CoA pathway with non-methanogenic genera, which no known methanogen genomes harbor. These findings of Mcr, unique genetic composition and unusual methylmalonyl-CoA pathway suggest that WSA2 may perform methanogenesis and yet have distinct capabilities from typical methanogens.
Uniquely restricted methanogenic metabolism
Even though the WSA2 genomes harbor Mcr, all eight draft genomes from the seven independentsequencing efforts lack conventional CO 2 reduction to CH 4 and acetyl-CoA synthase pathway, indicating that neither CO 2 nor acetate can serve as substrates. Moreover, while many methanogens missing these pathways respire methanol and methylamines (for example, Methanomethylovorans and Methanosphaera), we could not identify corresponding methyltransferases essential for such metabolism in any of the WSA2 draft genomes. Strikingly, the WSA2 draft genomes consistently encode methylated thiol Mts homologs for funneling C1 compounds into the reductive arm of methanogenesis (Supplementary  Table 2 ). Thus, WSA2 may only be capable of demethylation of methylated thiols for CH 4 generation, which would be the first example of such restricted methanogenic catabolism. Moreover, the lack of the methanogenic C1 pathway indicates that WSA2 likely use methylated thiols as electron acceptors rather than donor. Methanol and methylated amine metabolism are observed in methanogens associated with sediments or gut environments as plants produce methanol and methylated amines derive from eukaryotic lipids and osmoregulators; thus, it may be logical that the studied anaerobic digester WSA2 populations lack such metabolism. Perhaps other WSA2 class members associated with marine environments or sediments may possess catabolic capacity beyond methylated thiols.
Mts substantially vary in specificity to methylated thiol substrates, such as methanethiol (MeSH), dimethylsulfide (DMS), 3-methylmercaptopropionate (MMPA) and 3-mercaptopropionate (MPA; Tallant and Krzycki, 1997; Fu and Metcalf, 2015) . Thus, accurate annotation of WSA2's methanogenic capacity necessitates systemic determination of the specific function of the two Mts homologs conserved among WSA2 genomes. Phylogenetic analysis of all publically available methanogen Mts-related methyltransferase sequences reveals clusters related to (a) methylmetabolizing Methanosarcinales and Methanomassiliicoccales, (b) non-methyl-metabolizing methanogens or (c) both (Figure 3) . We suspect that clusters found in non-methyl-metabolizing methanogens are not catabolic and rather serve physiological roles in methanogens. Figure 3 WSA2 (a) catabolism and (b) anabolism. (a) WSA2 has genes for H 2 oxidation through electron-bifurcating hydrogenase (HdrABC-MvhDGA) and H 2 cycling by energy-converting hydrogenase (EhbA-Q); CO oxidation by carbon monoxide dehydrogenase (CODH); and methylated thiol reduction and methanogenesis by methylated thiol Coenzyme M methyltransferase corrinoid fusion protein (MtsA) and methyl coenzyme M reductase (McrABG). The proton motive force (or cation gradient) generated by Ehb can support ATP production by ATP synthase. (b) Malonate decarboxylase and acetyl-CoA synthetase can convert malonate and acetate into acetyl-CoA for downstream co-assimilation with CO 2 (bolded) through pyruvate:ferredoxin oxidoreductase, pyruvate carboxylase and tricarboxylic acid (TCA) cycle. As identified for other heterotrophic methanogens, WSA2 does not encode the glyoxylate shunt for acetate assimilation (gray with dotted line). The methylmalonyl-CoA pathway can facilitate co-assimilation of propionate and CO 2 also into the TCA cycle. WSA2 can use key TCA cycle intermediates (pink) as building blocks for biosynthesis. Figure 4) ; thus, WSA2 may utilize this MtsA and Mcr to perform methanogenesis through reduction of multi-carbon methylated thiols. Many uncharacterized Mts homologs fall into five other families affiliated with methyl-metabolizing methanogens (I, II, III, V and VI). Although these groups have no experimentally studied representatives, their exclusive affiliation with methyldegrading methanogens suggests that these Mts homologs relate to methanogenic methyl metabolism. Family I is unlikely to support MeSH, DMS or MMPA metabolism as Methanosarcina acetivorans C2A does not express MA0847 during growth on these substrates (Bose et al., 2009; Fu and Metcalf, 2015) . Thus, the metabolic function of family I-related WSA2 Mts-like protein (MtlA) is unclear. Interestingly, MtlA associates with a corrinoid-CoM methyltransferase (MtlB), corrinoid protein (MtlC) and methyltransferase reductive activase (MtlD; Supplementary Table 2) . Notably, MtlC is phylogenetically distinct from other known Mts corrinoid proteins (Supplementary Figure 4) . Although known Mts can single-handedly catalyze the two-stage methyl transfer from substrate to CoM, methanol and methylamine methyltransferases require two subunits (Tallant et al., 2001) ; therefore, MtlAB may have substrates and biochemical properties distinct from known Mts. However, the presence of MtlA in other methyl-degrading methanogens warrants further experimental investigation to expand our understanding of diversity in methanogenic methyl metabolism.
To complement the reductive methylated thiol metabolism, the WSA2 genomes also possess H 2 -and CO-oxidizing pathways for donating reducing power into methanogenesis (Supplementary Table 2 ). For H 2 metabolism, WSA2 can perform (i) electron-bifurcating H 2 oxidation using a cytosolic methylviologenreducing hydrogenase complexed with a heterodisulfide reductase and (ii) proton-pumping H 2 generation mediated by a membrane-bound energy-converting hydrogenase (Figure 4 ). WSA2 may pair these two pathways to accomplish energy-conserving internal H 2 cycling similar to Methanosphaera stadtmaniae and Methanomassiliicoccales spp. (Thauer et al., 2008; Borrel et al., 2014) analogous to the Methanosarcina cytochrome-dependent H 2 cycling . Although WSA2 also encodes F 420 -reducing hydrogenase, none of the draft genomes encode other F 420 -oxidizing enzymes related to methanogenesis so the physiology function of F 420 remains unclear. The WSA2 genomes lack genes encoding cytochromes and methanophenazine synthesis, suggesting that they perform cytochrome-independent methanogenesis like all non-Methanosarcinales methanogens (Thauer et al., 2008) .
Physiology
Archaea are known to utilize a variety of autotrophic carbon fixation pathways (Berg et al., 2010 ), yet methanogenic Euryarchaeota specifically possess reductive acetyl-CoA pathway, pentose phosphate pathway (rPPP; or Calvin-Benson cycle), and/or tricarboxylic acid cycle (Figure 2a) . Methanosarcinales, Methanocellales, 'Ca. Methanoflorens,' Methanobacteriales, Methanococcales, and Methanopyri members encode reductive acetyl-CoA pathway; Methanomicrobiales members either possess both reductive acetyl-CoA pathway and rPPP or only rPPP; and only several phylogenetically scattered species encode reductive tricarboxylic acid cycle. Interestingly, the Methanomicrobiales members only encoding rPPP all require exogenous organic carbon for growth, suggesting that the rPPP ribulose-1,5-bisphosphate carboxylase/oxygenase in these organisms participates in AMP metabolism rather than carbon fixation (Sato et al., 2007) . Likewise, WSA2 may require organic carbon sources for growth (that is, heterotrophic) as they lack any discernable carbon fixation pathway (Figure 2a) . In agreement, known methanogens missing such pathways require acetate or complex exogenous nutrients (for example, yeast extract or rumen fluid) for growth (Whitman et al., 1982; Miller and Wolin, 1985; Tanner and Wolfe, 1988; Zellner et al., 1989; Miller and Lin, 2002) . In addition, unlike most methanogens, the WSA2 genomes are also deficient in nitrogen fixation genes (that is, Nif) though they do encode non-nitrogenfixing NifD-and NifH-like genes (NflDH; Figure 2a ; Staples et al., 2007) . Thus, the draft genomes suggest that WSA2 may be incapable of both autotrophy and nitrogen fixation, a rarity among known methanogens. This genomic analysis also revealed that several gutassociated Methanobacteriales (Methanobrevibater sp. JH1 and Methanosphaera stadtmanae DSM3091) also cannot fix carbon and nitrogen.
In order to determine the carbon source requirement for WSA2, we genomically evaluate their biosynthetic capacity. All WSA2 genomes have genes for gluconeogenesis and tricarboxylic acid (TCA) cycle, but only two genomes encode a complete PPP (Supplementary Table 3 (Li et al., 2003) . On the other hand, the WSA2 genomes are missing CoM synthesis pathways. Similarly, several phylogenetically scattered methanogen isolates also lack such genes. All of these methanogens are either dependent on rumen fluid for growth or strongly stimulated by CoM supplementation. Although whether WSA2 and these methanogens possess an unidentified CoM synthesis pathway is unclear, WSA2 is likely adapted to availability of exogenous CoM produced by other methanogens in situ. This suggests that WSA2 can only inhabit ecosystems with other active methanogens. As for methanogens that do encode CoM biosynthesis, Methanomicrobia and Methanomassiliicoccales employ the Methanosarcina-type pathway, while Methanobacteria, Methanococci and Methanopyri employ Methanocaldococcus type (Graupner et al., 2000; Graham et al., 2002 Graham et al., , 2009 .
Taxonomic classification, core genome comparison, unique methylated thiol-specific methanogenic metabolism and obligate heterotrophy all agree that WSA2 is a novel Euryarchaeota class with distinct features from other methanogens. Their heterotrophic, auxotrophic and ammonia-dependent nature is unique and yet appropriate for the organic-rich anaerobic environments they are often associated with (that is, wastewater treatment sludge and marine sediments) where fermentation and methanogenesis produce the required carbon sources (acetate, propionate and CO 2 ), amino acids, ammonia (Blair and Carter, 1992; Lettinga, 1995) and possibly free CoM. Moreover, fermentative degradation of methionine and methoxylated compounds may yield sufficient DMS to support methanogenesis (Kadota and Ishida, 1972; Zinder and Brock, 1978; Finster et al., 1990; Kiene and Hines, 1995) . Thus, we suspect that this novel archaeon is adapted to performing methanogenesis in eutrophic anaerobic environments and bridging the carbon and sulfur cycles. In addition, the existence of a dedicated H 2 -oxidizing methylated thiol reducing methanogen can significantly change our thermodynamic understanding of anaerobic ecosystems. ). Thus, WSA2 may have an essential and overlooked ecological role for syntrophy in methanogenic environments (for example, anaerobic digestion) and competitive methanogenesis in sulfate-reducing environments (for example, marine sediments).
Besides these unique features, WSA2 has signatures of cytochrome-independent methanogenesis (heterodisulfide reductase-methylviologen-reducing hydrogenase energy conservation), Methanosarcinales and Methanococcales F 420 modification, and Methanosphaera and Methanomassiliicoccales internal H 2 cycling. In addition, characterization of WSA2 expands the phylogenetic range of methanogen heterotrophy. In conclusion, we present the first detailed description of the sixth methanogen class WSA2 as a significant step forward in understanding methanogen phylogeny, metabolic diversity and contribution to global biogeochemical cycles with provisional class and species assignment of 'Candidatus Methanofastidiosa' class. nov. (Me.tha.no.fas.tid.i.o'sa. N.L. pref. methano-, pertaining to methane; N.L. f. adj. fastidiosa, highly critical; referring to the nutritional fastidiousness of the organism, particularly on primary isolation) and 'Candidatus Methanofastidiosum methylthiophilus' Figure 4 Phylogeny of methylated thiol Coenzyme M methyltransferase (Mts) homologs with methanol-(MtaA) and methylamine-(MtbA) specific methlyltransferases as the outgroup. The tree was constructed using Clustalw with default parameters for alignment and neighbor-joining clustering method for tree construction with 5000 bootstrapped replications. Family classifications are assigned to clusters only containing Mts homologs from methyl-metabolizing methanogens (Methanosarcinales-blue, Methanomassiliicoccalesorange) and/or WSA2 (red and bolded). Only three families contain representatives biochemically or transcriptomically characterized in Methanosarcina acetivorans and M. barkeri (bolded). For those Mts, their predicted substrates are noted. Nodes are marked for bootstrap values 490% (black), 75% (gray with outline) and 50% (gray).
gen. nov. sp. nov. (Me.tha.no.fas.tid.i.o'sum. N.L. pref. methano-, pertaining to methane; N.L. neut. adj. fastidiosum, highly critical; referring to the nutritional fastidiousness of the organism, particularly on primary isolation/me.thyl.thi.o'phi.lus.M.L.n. methyl, the methyl group; thi.o′phi.lus. Gr. n. thion sulfur; Gr. adj. phylos loving; N.L. neut. adj. methylthiophilus methyl-and sulfur-loving).
